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Abstract.  The relativistic self-focusing of  an intense laser pulse (I - 4x 10 TM W/cm 2, ~, 
= lktm, x = 400 fs) in a gas jet  750 ~tm in length was observed using sidescattering imaging. A 
self-modulated laser wakefield was generated to accelerate self-trapped electrons. The energy 
distribution and transverse emittanee of  the electron beam changed due to the onset of  the 
relativistic self-guiding. 
Introduction 
Plasma-based accelerators are of great interests for electron acceleration 
[ 1,2] because they have the ability to support much larger acceleration gradient (E 
> 100 GV/m) than convenctional RF accelerators. Several methods can be used to 
drive large amplitude plasma wave. Since the size of terawatt laser systems has 
been reduced by chirped pulse amplification, the laser wakefield accelerator 
(LWFA) [1] and the self-modulated LWFA [1,3-9], have recently received 
considerable attention and show promising results. In order to drive a plasma 
wave to large amplitudes, the laser pulse has to be focused to small spot size (on 
the order of tens of microns) to achieve high intensity. Nonetheless, it also limits 
the length of the plasma wave channel to be less than twice the Rayleigh length 
(confocal parameter) due to the laser beam diffraction. In order to extend this 
plasma wave channel, two methods have been proposed. One way is to use a 
prepulse to create a concave plasma channel which can then guide the main laser 
pulse over the length of this channel [3,10-11]. Another way is to make the laser 
pulse self-guided by relativistic self-focusing (self-guiding) so that it can propagate 
over many Rayleigh lengths while maintaining high peak intensity [12-14]. In this 
paper we, for the first time, report the interplay between relativistic self-guiding 
and acceleration of electrons in self-modulated laser wakefield. 
Experiments 
When a terawatt-peak-power laser is focused to high intensity into a gas,  a 
plasma is created by tunneling ionization, and the free electrons begin to quiver at 
velocities close to the speed of light (c) in the laser's transverse oscillating 
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electromagnetic field. The laser light group velocity Vg depends on the index of 
refraction vg = cn, where the latter is given by 
n =  1 -  p / (O , (1) 
in which o3 is the laser frequency and the plasma frequency is given by 
= ~/2, 
(Op (4Zrne e2 / "Ymo (2) 
where e is the electron charge, m 0 is the electron rest mass, and n e is the plasma 
electron density. The relativistic factor y associated with the motion perpendicular 
to the direction of  laser propagation depends on the laser field through the electron 
quiver velocity Vos, y = [1 + a2] 1/2, where a = YVos/C = eE/moo3C = 8.5×10- 
t°X[l.tm]Iln[W/cm2 ] is the normalized vector potential, E is the laser electric field, 
and ! = cEZ/8rt is the laser intensity. For a terawatt laser pulse, with y > 1, several 
nonlinear effects arise. First, the plasma frequency decreases when the laser 
intensity increases, due to the increase in T- Second, the rapid temporal change in 
7 for a short laser pulse broadens and modulates the transmitted light spectrum 
(relativistic self-phase modulation). Finally, the relativistic self-focusing effect, 
which occurs because the laser intensity varies transversely, can focus the laser to 
a smaller spot size. This increases the peak laser intensity and extends the length 
of the high intensity region, forming a channel. Usually, when self-focusing occurs, 
electron cavitation, which is the expelling of  electrons out of  laser axis by the 
transverse ponderomotive force, will also occur, enhancing the self-guiding of  the 
laser beam [ 12,15] and lowering the electron density. Theoretical work shows that 
this self-focusing (self-guiding) occurs at a critical power given approximately by  
Pc = 17(o3/o3p0) 2 GW, where o3p0 is cop in eqn.2 with 7 = 1 [16]. 
Laser pressure (ponderomotive force)---combined with ion inertia, which 
provide an electrostatic restoring foree---van drive a high amplitude electron 
plasma wave (epw). By this process, some of  the laser energy is converted to a 
longitudinal electrostatic laser wakefield, propagating at near the speed of  light, 
which can continuously accelerate electrons in the direction of  laser propagation. 
If  the laser pulse width "c is much larger than a plasma period, "t >> 27t/o3p, the 
resulting local density changes will have time to feedback on the light pulse. This 
case is referred to as the stimulated Raman forward scattering (RFS) instability [3- 
5]. Modulations in the index of refraction break the pulse into a sequence of  
shorter pulses with a periodicity equal to a plasma period, which resonantly drive 
the electron plasma wave to high amplitude. Once the plasma wave is excited, it 
can trap hot background electrons which may be heated by above-threshold- 
ionization (ATI) [17] or Raman backscattering, sidescattering, and small angle 
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forward scattering [18], and accelerate them to relativistic energies. The 
acceleration of  trapped electrons will in turn damp the plasma wave, limiting the 
plasma wave amplitude and its temporal duration [ 19]. 
In the present experiments, a hybrid Ti:Sapphire - Nd:Glass laser system 
based on chirped pulse amplification and capable of  delivering 3 J, 400 fs laser 
pulses at X = 1.053 gun was used to drive the self-modulated LWFA. The 43 mm 
diameter beam was focused by an f/4 off-axis parabolic mirror to a spot size (e -2 
intensity) of  r0 = 8.5 p.m, giving a maximum vacuum intensity o f / =  6.2 x 1018 
W/cm 2 (a0 = 2.2). The laser was focused onto a supersonic helium gas jet with a 
sharp gradient (250 ~tm) and a flat-top width of 750 p.m. The neutral gas density 
varied linearly with backing pressure and reaches 1.8 x 1019 cm 3 at a backing 
pressure of  1000 psi. An underdense plasma is created when the gas is tunneling- 
ionized by the foot of  the laser pulse. 
The existence of a large amplitude epw is inferred from the presence of up 
to the 4th anti-Stokes sideband in the Raman forward scattering spectra obtained 
with a prism spectrometer [9]. In order to determine the absolute plasma wave 
amplitude and its temporal distribution, a copropagating green probe pulse 
generated by frequency-doubling 20% of the pump pulse is used to probe the 
plasma wave by using collective Thomson scattering [19]. The plasma wave 
amplitude is observed to be about 1.5 ps in duration and the peak amplitude 
changes from 10 % of n o to 40 % of no when the laser peak power is increased 
from 2 TW to 3 TW, where n o is the background electron density. 
A sidescattering imaging system composed of collecting lens, filter, and 12- 
bit CCD is used to measure to spatial distribution of laser-plasma interaction. Fig. 1 
shows side-scattering intensity distribution along the laser axis as a function of laser 
power for fixed gas density. At low laser power (< 1 TW), the channel length is 
fixed around 125 ~tm. When laser power exceeds 1.8 TW (3.9 Pc), the channel 
length extends to 250 pm and stays fixed with increasing laser power. When the 
laser power is increased above 3.3 TW (7.2 Pc), the length extends futher to 750 
gtm, which seems to be limited by the gas jet used in this experiment. The peaks of 
the images show the position of multi-foci, which seem to stay fixed in space 
regardless of laser power. Spectral analysis of the sidescattered light using imaging 
spectrometer shows that > 96 % of the emission comes from the Thomson 
scattering of the blue-shifted pump light. Imaging of the Thomson scattering by 
using narrow bandpass filter centered at ~. shows an emission channel of the 
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Fig. 1 On-axis lineouts of the s idescat ter ing images  as a function of 
peak laser po~er for fixed backing pressure 1000 psi (corresponding 
to a gas density of 1.8 x 10crn-3). (a) 0.8 TW (b) 1.2 I3N (c) 1.5 TW 
(d) 1.9 TW (e) 2.5 TW (f) 2.8 TW (g) 3.4 TW (h) 3.8 TW 
A recent simulation and experiment [12] shows that when P o / P c  = 3 - 4 ,  a 
second focus is clearly visible (defined as the criterion for self-focusing), and when 
P0 = 6.4 Pc, guiding occurs (appearance of  four loci or a flat extended channel after 
two loci). The consistency between our result and theirs indicates that the 
extension of  the plasma wave channel in this case is actually due to the relativistic 
self-guiding. A similar channel extension occurs if  the gas density is varied at fixed 
laser power. For a 3.9 TW laser pulse, the channel extends to 250 l.tm at 400 psi 
backing pressure (3.2 Pc) and 750 ~tm at 800 psi (7.0 Pc). This consistent behavior 
at specific values of Pc for varying laser power or plasma density indicates again 
that the channeling mechanism is relativistic self-focusing. Because of  the 
ionization defocusing effect, the laser beam divergence increases by a factor of  two 
with respect to the beam divergence in vacuum at all laser powers. The fact that 
the laser beam divergence doesn't increase when self-guiding occurs indicates that 
the cross section of  the channel is close to the size without self-guiding. 
The copropagating collective Thomson scattering is also used to monitor 
the change of  plasma frequency when self-guiding occurs. As seen in Fig.2, the 
plasma wave frequency decreases gradually from 3.3×1014 rad/s to 2.5x10 ~4 rad/s 
with increasing laser power. Three effects could cause the decrease of  plasma 
wave frequency in this case. Firstl the plasma frequency decreases with increasing 
laser intensity, as can be seen in eqn.2. Second, the plasma wave frequency will 
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decrease when the plasma wave amplitude grows larger and plasma wave becomes 
nonlinear. Third, when self-focusing occurs, the increase of  laser intensity can 
expel the electrons out of  the axis (electron cavitation), reducing the electron 
density and thus the plasma frequency. It is believed that the first mechanism is 
dominating here [21 ]. 
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Fig.  2 P l a s m a  ~ e v e  f r e q u e n c y  as  a f u n c t i o n  o f  peak laser po~e r .  
The energy spectrum of  the accelerated electron beam is measured by a 
collimator and a 60 ° sector dipole magnet for low energy range (< 3 MeV), a 
rectangular dipole magnet for medium energy range (2 MeV - 15 MeV) and 
aluminum absorbers for high energy range. The detector is a LANEX film 
(scintillating film) imaged by a CCD. The highest electron energy is known to be 
larger than 15 MeV, but the maximum value has not been determined yet. Fig.3 
shows the electron kinetic energy distribution in the low energy range with 
varying laser power or plasma density. The number of  electrons decreases 
exponentially with higher electron energy. In higher energy range, the electron 
number decreases much more slowly with higher electron energy (the slope 
decreases by a factor of  5 or more) compared to the low energy range. The slope 
of  this energy distribution on the semilog scale basically decreases with higher 
laser power or higher gas density due to the fact that a larger plasma wave 
amplitude is achieved. In addition, a sudden jump in the slope is observed when 
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self-guiding occurs by changing laser power or gas density. The extension of 
plasma channel not only provides longer acceleration distance but also allows the 
plasma wave to grow to larger amplitude. Recent PIC simulations show that such 
exponential distribution is typical for acceleration of  self-trapped electrons and 
the slope of  electron energy distribution in the low energy range becomes less 
steep with longer propagation distance [22]. In addition, the sudden jump of  
channel length should result in a sudden jump of electron energy distribution, as in 
our observation. About 50% of the accelerated electrons have kinetic energy higher 
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Fig. 3(a) Normalized electron energy distribution as a function of  
laser power for  f ixed backing pressure (1000 ps i ) .  Also sho~n 
are the f its to exponential function. 
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Fig. 3(b) Normalized electron energy distribution as a function of 
gas backing pressure (electron density) for fixed laser po~er 
(3 TW). Also shown are the fits to exponential function. 
The number of  accelerated electrons are measured using both a Faraday 
cup and a plastic scintillator coupled to a photo-multiplier tube. The electron 
acceleration occurs with a sharp threshold at - 750 GW (1.5 Pc) and then the 
number increases exponentially with laser power and gradually saturates after 2 
TW. At 3 TW (6 Pc), 6×109 electrons are accelerated out of  the plasma toward 
the forward direction (i.e., the laser propagation direction). Although the plasma 
wave should pick up a factor of  three more electrons when self-guiding occurs 
(longer channel), it is difficult to observe this change since the electron number is 
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Fig. 4 Electron beam divergence relative to the laser propagation 
direction as a function of peak laser po~r.P/Pc = (a) 3.4, (b) 5.0, (c) 
6.0, and (d) 7.5. 
The accelerated electrons are well confined in the forward direction since 
the accelerating field is in the forward direction and the transverse field can confme 
the beam transversely during acceleration.. Fig.4 shows the angular distribution of  
accelerated electron beam with changing laser power. Because the number of  
electrons in the high energy range is very small compared to electrons at low 
energy (< 3 MeV), this image is basically the distribution of  electrons in the range 
of  100 keV - 3 MeV, where 100 keV is the energy electrons need in order to pass 
through the plastic and aluminum piece in front o f  the LANEX. Using aluminum 
absorbers, it is found that the electron beam divergence is independent of  electron 
energy in this energy range. For the high energy range, it is expected that the beam 
divergence should decrease with higher electron energy. At low laser power, the 
electron beam divergence is measured to be about 10 ° in radius at half maximum 
and the beam profile is Gaussian-like. When the laser power is increased and the 
channel length extends to - 250 jxrn, a new distribution of  smaller divergence starts 
to grow out of the original distribution. Above 2 TW, the electron beam divergence 
becomes 5 ° in radius and the beam profile is Lorentzian-like. This minimum 
electron beam divergence possibly comes from the space charge effect after leaving 
the plasma wave, which can be large due to the fact that most o f  the electrons are 
in the few MeV range (7 small) and the current is high (large electron number and 
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short  electron bunch). Assuming  109 electrons o f  1 MeV kinetic energy and 1 p s 
bunch length, the electron beam divergence due to the space charge effect is 
calculated to be 6 ° , The decrease o f  electron beam divergence with laser power  is 
caused by  the increase o f  electron energy ( lower space charge effect and relat ively 
low transverse momemtum) .  The electron beam emittance defined by  the radius o f  
the source mult ipl ied b y  the angle o f  beam divergence is 0.4 rc-mm-rnrad in the 
best  case and is same regardless  o f  electron energy in the low energy range. 
In summary,  a col l imated electron beam is produced by self-modulated 
laser wakefield,  and the effect o f  relativistic self-focusing on electron acceleration 
was studied. The existence o f  relativistic self-guiding is observed by  sidescattefing 
imaging.  The electron beam energy distribution and divergence changes when self- 
guiding occurs, leading to lower  beam emittance and higher energy. 
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